SEARCHING FOR CURES
The quest to find cures for human diseases involves two major objectives: understanding the molecular and cellular mechanisms of the disease process and finding drugs and treatments that will alleviate the disease and/or its symptoms. Although it can be argued that it is not absolutely necessary to understand the disease process before finding a treatment for it, it is also true that with understanding comes opportunity. Currently, screening for drugs and therapeutics takes place sequentially, with the first steps carried out in a cell-free or cultured cell setting that typically reflects only one part of a myriad of characteristics of a particular disease process. Identification of lead compounds then proceeds to animal testing, typically mice, where a large number drop out either because they do not ameliorate the disease process in vivo or because of unwanted side effects. This sequence of events is slow and expensive and has a major influence on the time and cost of drug development. However, it could proceed more rapidly and at lower cost by using nonvertebrate organisms that can be genetically engineered and have short generation times that allow rapid identification of the most promising strategies for testing in mice. The question is, can nonmammalian organisms be engineered to accurately reflect the human disease process?
THE FRUIT FLY IS WELL SUITED FOR MODELING
The fly is one of the best invertebrates for modeling higher organisms. Comparative genome analysis reveals that at least 50% of fly genes have similar genes in man (blast cutoff value of E < 10 À10 ) (1). Among those human genes known to be associated with disease, $75% have a Drosophila ortholog (2).
The fly is also an excellent choice for modeling neurodegenerative diseases because it contains a fully functional nervous system with an architecture that separates specialized functions such as vision, olfaction, learning and memory in a manner not unlike that of mammalian nervous systems (3) (4) (5) . Further, the compound eye of a fruit fly is made up of hundreds of repeating constellations of photoreceptor neurons such that any perturbation in the pattern is quite evident. Most importantly, in Drosophila foreign genes can be engineered to be expressed in tissue-specific and temporally regulated patterns and an impressive array of genetic tools are available.
HD AND RELATED DISEASES ARE ASSOCIATED WITH ABNORMAL PROTEIN ACCUMULATIONS
Huntington's disease is a now classic example of a family of at least nine dominant, late-onset diseases that are caused by expanded CAG triplet repeat sequences that encode expanded polyglutamine repeats (poly Q) in the affected protein (Q is the single letter code for glutamine). The polyQ diseases are part of a much larger family of protein conformation diseases, many of which also cause dominant, late-onset neurodegeneration. A key feature of these disorders is that they are caused by mutations or cellular events that lead to accumulation of abnormal structural forms of a particular protein. The polyQ diseases produce nuclear inclusions; Alzheimer's disease (AD) is associated with b amyloid plaques and neurofibrillary tangles and Parkinson's disease (PD) is typified by the formation of Lewy bodies. These, along with diseases such as prion disease, Pick's disease, other tauopathies and amyotrophic lateral sclerosis (ALS) comprise the majority of the protein conformation diseases. What is clear is that these altered proteins can be toxic. What is not yet clear is why. However, from a therapeutic perspective, it is encouraging that many of these protein conformation diseases may share common toxic cellular processes.
KEY HALLMARKS OF HD AND polyQ DISEASES
The signature profile of HD and other polyQ diseases is that they are dominant, of late onset, cause progressive degeneration, are associated with abnormal protein aggregates and lead to motor function loss, early death and other symptoms. Huntington's disease is one of the few truly dominant inherited diseases with full penetrance. It is caused by a polyQ repeat expansion in the HD gene which encodes a large ($350 kDa) protein (Huntingtin, Htt) of as yet unknown biochemical function that is expressed in essentially all cells, beginning during embryogenesis (9) (10) (11) (12) . A single copy of the abnormal gene invariably causes disease and rare individuals with two affected copies exhibit the same age of onset as those with one, although once symptoms begin, homozygotes may have a more rapid progression than heterozygotes (13, 14) . The difference between disease state and normal shows a sharp threshold, with expansions above $39 Qs invariably leading to disease while individuals with 35 Qs are disease free unless further expansion occurs (8, 15) 
OVERVIEW OF THE FLY SYSTEM
The dominant neurodegenerative diseases are particularly well suited for modeling in Drosophila because they are caused by gain of function mutations in single genes that can readily be engineered to be expressed in flies and cause phenotypes that closely mimic the human disease.
Drosophila embryogenesis spans approximately one day with neurogenesis beginning at about 5 hours and completing by about 15 hours. First instar larvae (instar refers to the larval stages) hatch from the egg and molt to the second instar and to the third instar after a day at each stage. During the third larval stage (from 3 to 4.5 days post fertilization), the eye imaginal discs complete their growth, and photoreceptor neurons are born (17, 18) . The larvae form pupae and begin a five day period of metamorphosis (19) , during which time, parts of the central nervous system (CNS) are retained as a scaffold and other parts are replaced by new rounds of neurogenesis (20) . In addition, the photoreceptor cells that were born in the imaginal disc now become organized into the adult eye. Approximately 10 days after the initial laying of an egg, the adult fly ecloses (emerges) from the pupal case.
Foreign genes are expressed using a bipartite gene expression system (21, 22) in which genes inserted behind the yeast upstream activator sequence (UAS) are activated by the yeast Gal4 protein. Genes fused to UAS and injected into embryos with a helper element integrate into the chromosome producing transgenic lines carrying the UAS > transgene. Unlike DNA integration events in some other systems that lead to multiple tandem insertions, the Drosophila system favors the insertion of a single transgene at a random site. Transgenic animals are then crossed to 'driver lines' that express Gal4 in a variety of tissue-specific patterns. A large collection of 'Gal4 drivers' is available (23) . For any given Gal4 driver/UAS>transgene combination, it is frequently observed that using the same driver to drive different isolates of the same uas>transgene gives somewhat different phenotypes, often referred to as strong, medium and weak (24) . It is assumed that these differences are due to position effects, where the different transgene insertion sites are expressed at higher or lower levels due to surrounding chromatin sequences, although this assumption is rarely tested experimentally. In addition, the level of expression from the Gal4/UAS combination is highly sensitive to temperature (25) .
Many measures of neuronal dysfunction are possible, with some of the most common ones being climbing ability (motor function) or integrity of photoreceptor cells of the eye. The ommatidia of the eye are precisely organized in a repeating pattern and are made up of nine neuronal cells (eight photoreceptors, one mechanosensory) and 11 support cells including the primary, secondary and tertiary pigment cells and the cone cells that make the lens. Each photoreceptor cell produces a highly reticulated membrane (the rhabdomere) that carries lightgathering rhodopsins. It is this trapezoid of seven visible rhabdomeres that one observes in sectioned material or with the pseudopupil technique of shining a light through the back of the head (Fig. 1A) . Only seven rhabdomeres are visible because R7 and R8 sit on top of one another. Cells are born as photoreceptor neurons during a morphogenetic event in the eye disc (18, 26, 27) .
One widely used driver for neurodegeneration studies is elav, which expresses Gal4 in every cell of the nervous system from embryogenesis onward (28) and another is gmr, which expresses in all cells of the eye including both neurons and surrounding supporting cells (29) . Expression of both elav and gmr is activated at the front of a morphogenetic wave that occurs in the eye disc and creates a gradient of neurons that have been exposed to toxic polyQ proteins for defined periods of time. Expression of polyQ containing proteins by elav can lead to the degeneration of the neurons, but this is not accompanied by any overt external dysmorphology. On the other hand, expression of transgenes with the gmr driver leads to extensive degeneration in the eye and is often evident as external dysmorphology (27, (30) (31) (32) (33) . A caveat in the interpretation of these phenotypes is that the development of the eye depends on the stepwise specification of particular cell fates, which requires the continued contact between cells of different fates (34) . Consequently, care must be exercised in interpreting neuronal cell death in settings in which the support cells are also subject to degeneration.
Motor function is readily addressed by exploiting the negative geotropic behavior of flies and counting the number of flies that can climb to the top of a tube in a specified amount of time (35, 36) .
THE FLY MIMICS HUMAN DISEASE
How accurately do engineered Drosophila mimic the key features of human disease? Expression of pathogenic forms of Htt (37), ataxin-1 (SCA1), ataxin-3 (SCA3/MJD) and AR (Kennedy's disease) all cause neuropathology in Drosophila that exhibits most of the features of human disease (27, (30) (31) (32) (33) (38) (39) (40) . In all these models, it has been found that pathology exhibits a polyQ length dependency similar to humans. Further, no evidence of neurodegeneration has been described early in the larval stages, but clear evidence of degeneration occurs in mature larvae, in pupae and in aging adults (Fig. 2) . The severity of neuropathology is progressive (Fig. 3A ) with animals at 3 and 7 days of age showing more severe neuropathology than at one day post eclosion (27, 39, 40) . Thus, by every measure, flies expressing mutant human genes or polyQ peptides alone present with pathology that mimics the human disease in every important way, for example, polyQ causes cellular pathology; pathology is a function of polyQ length; pathology is late onset (late in larval/pupal life); pathology is progressive; pathology leads to loss of motor function; and pathology causes early death.
WHAT HAVE WE LEARNED?
Having a genetically tractable model of human disease allows one to test hypotheses regarding mechanism and to perform genetic screens to identify pathways that may affect polyQ pathogenesis. Genetic screens identify genes, which when reduced cause the phenotype to get worse (enhancers) or better (suppressors). Such experiments have been carried out in Drosophila models of several polyQ diseases as well as in worm and yeast models of polyQ diseases (41) (42) (43) (44) . Several promising treatment targets have emerged from these studies.
The cloning and expression pattern of the HD gene did not provide immediate clues to pathogenesis. However, it was noted that although normal Htt is cytoplasmic (45), mutant Htt was progressively localized to the nucleus and large aggregates (inclusions) were found in neurons (45, 46) . Several subsequent studies suggested that transcriptional dysregulation might be contributing to pathogenesis (47) . The availability of nonmammalian models of HD has proved a rapid means of testing some of the hypotheses raised by these studies in vivo. For example, nuclear inclusions of mutant Htt were found to contain transcriptional co-activators such as CBP, an acetyl transferase (AT) (48) (49) (50) . CBP and other (histone) acetyl transferases typically act as co-activators of transcription by modifying histones and other proteins to increase transcription. The possibility that sequestration and direct inhibition of AT protein activities might be contributing to pathogenesis in vivo was tested in Drosophila and other models by inhibiting the counteracting activity of Histone DeACetylases (HDACs) both genetically and pharmacologically (39, 42, 51, 52) . Independently, genetic screens and other studies identified genes involved in transcriptional dysregulation as well as other overlapping sets of genes as relevant to polyQ pathology (32, 33, 53, 54) . Such results confirm the critical nature of balanced protein acetylation and deacetylation in polyQ pathogenesis and provided a potential pharmacologic therapy that has subsequently proved effective in mammals (55) . The speed and methods that were available to test these hypotheses illustrate the value of invertebrate models of human disease in rapidly identifying therapeutic strategies that are promising enough to test in mice.
Nuclear inclusions in several polyQ diseases are ubiquitinated and sequester molecular chaperones, underscoring a role for protein processing and degradative pathways in pathogenesis. Overexpression of chaperones had reduced polyQ aggregates in cultured cells (56) (57) (58) (59) . However, the in vivo role of the proteosome and chaperone pathways in neurotoxicity cannot be readily assessed in cell assays. Using a Drosophila model of Machado Joseph disease, it was shown that increased chaperone activity could suppress pathology (60) . Genetic screens for suppressors and enhancers of a SCA1 model in Drosophila, also identified chaperones as modifiers of polyQ pathology (32, 33) as well as Parkinson's pathology (61) . Subsequent studies showing that overexpression of Hsp70 reduced pathology in a mouse model of SCA 1 (62) confirmed the significance of chaperones that were identified in the Drosophila studies. Again, the value of invertebrate models in testing hypotheses and identifying relevant pathways is evident.
As stated earlier, polyQ diseases are one of several 'protein conformation' diseases. Since aggregates are such ubiquitous hallmarks of neurodegenerative diseases, polyQ aggregates are a tempting target for high-throughput screening of pharmacologic agents that might block or disrupt aggregate formation, and many cell-free and cell-based screens have been developed (42, (63) (64) (65) (66) (Diamond, personal communication) . However, the potential efficacy of aggregate disrupting/preventing compounds in relieving pathology must be addressed in vivo. Again, Drosophila models have proven effective in rapidly allowing the efficacy of various pharmacologic and synthetic peptide agents on neuropathology to be tested (30, 66, 67) . Some of these suppressors show visible effects upon aggregation in flies (67) , while others show no visible change but may affect the composition of aggregates (68) .
Exciting recent findings using a fly model of SCA1 have implicated phosphatidylinositol 3-kinase/AKT signaling and 14-3-3/ataxin1 protein interactions in vivo in neurotoxicity (69) . Modulation of levels of these cellular proteins modifies neurodegenerative phenotypes and highlights a completely novel target for therapeutic intervention. Another screen has identified Drosophila VCP, an AAAþ ATPase superfamily member, as a dominant suppressor of polyQ pathology (70) .
The fly model has also been useful in addressing the question whether neurodegeneration is due to altered activity of the mutant proteins or to an intrinsic pathology of expanded polyQ itself. Indeed, all of the symptoms above are evident in Drosophila expressing several mutant forms of human genes that have expanded polyQ peptides and are also evident when polyQ peptides alone are expressed that are free of any disease gene context (31, 32) . These observations argue that at least a large part of pathology is due to a dominant activity of the expanded polyQ itself. This is encouraging because it suggests that the pathogenic mechanism of many or all of the polyQ diseases may share some common biochemical features that allow therapy for one disease to be effective in the others. Such hope is bolstered by the recent demonstration that many neurological disorders, including those caused by polyQcontaining peptides, may share a common structural epitope that is toxic (71) . The concordance of compounds that are effective in both fly and mouse models of HD underscores the utility of using fly models of human disease to screen for target pathways. It also argues that wider use of invertebrate systems to screen directly for compounds that lead to functional neurologic improvement may be effective (55, 61, 63, 66, (72) (73) (74) . Aside from cell survival assays, all cell and cell-free based screening strategies must be based on some assumptions about the disease mechanisms. To the extent that those mechanisms may not be fully understood (a common situation) live animal screens can identify compounds that are effective even if the mechanism is not fully understood. On the downside, live animal screens are inherently lower throughput than cell or cell-free based screens. However, they can filter out a large number of false leads in the early phases of screening. Efforts to automate and improve the throughput of live animal screens are under way in several sites.
FUTURE GOALS AND MAJOR UNRESOLVED QUESTIONS
The full potential of the Drosophila model systems will only be realized when models are made for the majority of the human degenerative diseases and such models are appearing more and more frequently (41, 61, 75, 76) . As each disease model is studied, it is hoped that the comparisons between the pathways identified in genetic screens and the efficacy of therapeutic strategies in different models will allow one to identify the commonalities between and the unique features of the different diseases. Another area of endeavor will be the effort to make Drosophila models more amenable to high-throughput and automated screening for therapeutics. In this regard, practical hurdles to be overcome are the automated manipulation and scoring of flies and the fact that the animal is not accessible to externally administered drugs and compounds during the fiveday pupal period nor during embryogenesis. Are drugs that are discovered first in flies the best candidates for testing in mice? It is too soon to tell, but early indications of concordance are good.
SUMMARY
It has been well documented by now that one can engineer Drosophila to mimic several important neurodegenerative diseases including HD and the polyQ diseases in general as well as other late-onset neurodegenerative diseases such as Parkinson's and tauopathies (61, 75, 77, 78) . These models provide the tools to investigate the mechanisms of disease and to develop screens and cures. Genetic screens have been used to look for modifiers of the mutant phenotype. Such screens can point to cellular pathways that influence the severity of a particular disease, for example, the proteosome pathway, transcriptional regulating proteins, and so on. These models can also be used to test hypotheses of the pathology, for example, the role of transcription in disease, and potentially to find promising leads for pharmacologic cures or relief. The list currently includes HDAC inhibitors, several chemical or peptide inhibitors of aggregation, and drugs that target cellular stress responses (30, 55, 66, 67, 79 ) (unpublished observations).
